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Abstract 
Electrochemical Machining (ECM) is a well-established process in areas such as the aviation and automobile industries but the further 
commercial development and use of the μECM process has been prohibited by several issues, the main one being the lack of a suitable power 
supply unit (PSU) that can deliver the high-current pulses required while maintaining a minimal form factor, physical geometry, and realistic 
cost. The work presented in the paper is based on research that was carried out during the development of a novel switch mode power supply 
(SMPS) that is capable of delivering nano-second pulses at the MHz frequency range to the machine tool with minimal inductance. Preliminary 
experimental work was conducted to obtain initial design parameters and specifications required for the power supply. This included analysis of 
load characterisation followed by an investigation into the power switching using gallium nitrate based field effect transistors (FETs) as a novel 
switching technology and an investigation of the effects of the Inter Electrode Gap (IEG) loop. A Pulse Width Modulator (PWM) Frequency 
generator was constructed that was tested and shown to produce a modulated frequency of up to 45MHz with a minimum pulse on time of 
14ns. Methods were investigated and deployed for monitoring the current and voltage sensing feedback for optimising process performance and 
control. Control system requirements were defined and implemented by adapting a Texas Instrument Piccolo microcontroller specifically for 
interfacing with the PSU that was then integrated with the higher-level Delta Tau control system deployed for the controlling the overall 
machining process of the μECM demonstrator machine. The PSU was tested, validated and integrated with the demonstrator machine for a 
number of machining trials that were conducted on copper and 18CrNi8, with material removal observed. This paper will outline the 
development work that was undertaken for the PSU and present findings from the PSU control tests. In addition, findings will also be discussed 
and presented from the analysis of a novel multi-probe IEG connection concept which was shown to be correctly transmitting pulses to the IEG 
with a total loop inductance of just 50 nH with pulse-on times as short as 50 ns without any issue. 
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1. Introduction 
Recent developments in ECM at a smaller scale have led 
to an improved machining technology. Using voltage pulses 
instead of a continuous voltage allows a more precise and 
stable machining process through greater resolution. In fact 
Schuster [1] showed that machining resolution can be limited 
to a few micrometers by applying voltage only in ultra-short 
pulses of nanosecond duration, thus allowing microstructures 
with high aspect ratios to be machined. This more advanced 
technology is referred to as Pulsed Electrochemical 
Micromachining (PEMM) or Micro Electrochemical 
Machining (µECM). 
Although various companies have filed patents related to 
Pulsed-ECM and micro-ECM [2,3] there has been no real 
commercial push to fully realise these products yet.  
A report by researchers at the Vrije University of Brussels 
(VUB) [4] presented results from simulation of electrical 
pulses in the IEG (Inter Electrode Gap). This resulted in the 
definition of the shapes and amplitudes of the faradic and 
capacitive currents, where the capacitive currents, or the 
current used in charging the capacitors of the electric double 
Layer (EDL) must be overcome before faradic current can 
reach effective levels and produced the desired machining 
effect. This affects the pulse width as a pulse must be long 
enough to overcome the time spent charging the capacitor and 
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pulses should be short enough to better localise material 
removal. The pulse OFF time will also be limited by the EDL 
capacitive characteristic. In this case, the discharge time, as 
the EDL must be close to completely discharged, again to 
prevent the loss of localisation. It is important to note that 
these limits change with work piece material and the 
electrolyte used, however Kozak’s results showed that the 
pulse length should, in general, not exceed 200ns [5]. 
Further work by many authors [6,7] has shown that Pulse 
On-times in the region of 5-30ns can significantly improve the 
process’s results. Our team chose a point towards the lower 
end of this range (10ns) as the target (minimum) pulse ON-
time for the power-supply, at duty cycle of 50%, this means a 
pulse repetition rate of 50 MHz. 
 
In contrast to the basic operation of a switched mode 
power supply (SMPS), a micro-ECM PSU would require that 
during the switching OFF-time the load is discharged. That is, 
the storage elements, usually present in a SMPS, are removed 
and the ideal switch remains. When delivering high frequency 
signals, issues are encountered as a real switch is not ideal and 
connection to the load presents issues of parasitics, mainly in 
the form of inductance of any cabling or other connection 
technology. Inductance causes the shape of the current signal 
to deteriorate increasing the curve of the rising edge, which in 
turn drastically reduces the efficiency of the micro-ECM 
process.  A major reduction in the effect of inductance caused 
by conductors can be made by significantly reducing their 
length, that is to say, reducing the IEG loop. To begin with 
this means positioning the pulsed power output source as near 
to the load, or IEG, as possible. 
 
Currently available Pulsed power PSUs are however very 
bulky [8] and this makes them inappropriate for positioning 
close to the IEG. Even so, very few of the currently existing 
pulsed power PSUs operate in the necessary pulse width-
ranges(ns), repetition rates (MHz) and power ranges. Some of 
the few solutions have been presented in papers by institutes 
in Germany [9] and China[10]. 
2. Preparatory work. 
The load experienced by the PSU will alter the pulse shape 
across the IEG. The pulse shape is integral to the success of 
achieving the intended machining. The analysis of the load 
characterisation investigation indicated that the power 
switching that creates the IEG pulse is critical and thus 
introduced the need for, and adoption of, a novel switching 
technology which is also investigated with the use of a 
dummy resistive IEG load. 
 
2.1 Analysis of Load Characterisation  
 
Before development could commence, a specification for 
the power supply unit that is to be designed needed to be 
drawn up. To do this properly, the characteristics of the load, 
namely the IEG, needed to be investigated.  
To characterise an IEG, a test rig with a simulated IEG was 
made and tested. The test rig consisted of the following parts:  
• Oscilloscope – for process measurements 
• Work piece - 18CrNi8 a high grade steel, which some 
automotive injection nozzles are manufactured from.  
• Electrolyte - Sodium nitrate (NaNO3) was chosen for 
its good Ionic properties, meaning solutions have a 
high amount of free ions which are good conductors 
of current.  
• Power circuitry – The DEIC420 (produced by 
Directed Energy Inc.) is a low-side CMOS RF 
MOSFET Driver designed to drive applications up to 
45 MHz. The device’s datasheet specifies that it can 
source and sink 20 amperes of peak current while 
producing voltage rise and fall times of less than 4 
ns, and minimum pulse widths of 8 ns. It is housed in 
low inductance RF packaging and uses RF layout 
techniques to minimize lead inductances for 
optimum switching performance [11]. 
• Electrode The EVIC420 is an evaluation board for 
use with the DEIC420 which is factory-installed on 
the board along with coupling capacitors and a tank 
(LC) circuit. The trace layout on the PCB is RF 
designed to minimise inductance and thus are quite 
wide, in the range of 2 to 6mm [11]. This allows the 
IEG to be mounted directly onto the PCB for a very 
compact test rig.  
 
The board is modified by lifting the driver’s two output 
ground pins and inserting a 0.1 ohm 1225 SMD resistor 
between each lead and the ground trace pad to allow 
observation of the current waveform at the IEG. To avoid 
adding signal distortion and ringing, copper tape was used for 
modifications instead of mod wire.  
An SMD-mount cell battery retainer was mounted such 
that it was connected to the output ground trace pads and 
would retain the work piece against the driver output trace 
pad which then acts as the electrode.  
 
Fig 1. The layout of the DEIC420 board 
 
2.2 Emulating the Inter Electrode Gap  
 
A layer of 3M 74 series tape was placed over the surface 
of the work piece material which had been machined into 
discs, about 10 mm in diameter. The tape is 2 μm in thickness 
so that when the work piece is placed on the electrode pad 
surface there is a distance of 2 μm between the pad and work 
piece surfaces. A small hole was cut in the tape and a droplet 
of electrolyte applied to the hole. The disc was then inserted 
into the cell retainer. The retainer contact allowed the top side 
of the work piece to be connected to ground and the bottom, 
taped side, to push down against the driver output trace pad. A 
pulse could then be applied to the circuit and an oscilloscope 
used to take measurements at the various test points located 
around the board. 
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Fig. 2 side view of emulated IEG. 
 
Fig. 3 a test piece with a dot of electrolyte. 
 
TTL voltage pulses were applied at 2.5MHz with a driver 
supply voltage of 10 volts. This resulted in a peak-to-peak 
voltage across the IEG of between 11-12volts though the 
waveform shape seen across the IEG was highly distorted. 
Measuring the current across the additional 0.1 ohm resistor, 
the current and its distinctive decaying slope could be seen as 
it discharges from the capacitive element of the IEG after the 
voltage falls to zero volts. 
 
2.3 Spice model. 
 
A SPICE model was set up using measurement taken in the 
experiment as a guide to try to determine the nature of the 
electronic model of the IEG. The stray inductances in the 
measuring probes and circuit board modifications can be 
calculated as a total of 60nH and the IEG itself is most likely 
a resistor-capacitor network, with paired parallel resistor and 
capacitor representing each surface, and another series resistor 
in between representing the resistivity of the electrolyte. 
The SPICE generated waveform was close to that reported by 
VUB [4], which shows the effects of the capacitance. For the 
purpose of these experiments some parameters were left 
uncontrolled like the repeatability of the gap dimensions, the 
feed rate hydrodynamic actions, flushing of the electrolyte 
and the assumption that the process is adiabatic. 
 
2.4 IEG Cable inductance. 
 
The results appeared to single out the IEG cable inductance 
as the most important element in delivering an accurate pulse. 
Pursuant to these results it was proposed to ignore Electrical 
Double Layer effects [6], which allows the modelling of the 
loads as an ideal resistor with a resistance equivalent to the 
electrolyte resistance.  
 
2.5 Power Switching 
 
Slow switching times, can render the pulses useless at 
frequencies as high as 50MHz. Device appraisal led to the 
choice to trial the EPC1001 eGaN FET. GaNFETs are capable 
of very high speed and enable very high power density 
allowing the power supply to be a small form factor but 
meeting the stringent short pulse widths in the 10’s of nano-
second range. 
3. Prototype Power supply 
In all, 3 generations of power supply prototypes were 
developed with testing in between to refine the design. 
Testing carried out on the second prototype used a direct 
solder link for the IEG cabling but it was found that this had 
an inhibitive amount of inductance. One idea put forward at 
this stage was the work piece would be connected via a ring 
of spring probes mounted on a PCB placed perpendicularly 
around the tool at the end of the spindle, such that as the 
spindle descends the spring probes would make contact with 
the non-machining areas of the work piece. During this testing 
a touch test was developed to allow the system to locate the 
work piece’s surface so that there is a starting point datum to 
relate further movement to. This led to the incorporation of a 
touch test into the final software design. 
 
4. Final PSU Design  
4.1 Block diagram and basic functionality. 
 
Fig. 4 Block Diagram of PSU 
 
The PSU has been split into the basic functional blocks as 
shown in Fig 4. 
 
The Control block is an off-the-shelf daughter board, 
called the Piccolo, from Texas Instruments.  It has on-board 
firmware developed by the project team and can also 
communicate via USB with a PC to allow for running various 
diagnostic tests. This system also communicates with a 
control system (Delta Tau) on the final ECM machine.   
The supply distribution section distributes low-power Bias-
supplies for each of the Bias-supply sections.  It does this in a 
switching supply manner via transformer systems in order to 
isolate different sections of the board from each other.   
The switching frequency used is 100 kHz and this signal is 
generated by the Piccolo control board.  The pulsar section is 
concerned with controlling the signal that will be used as the 
drive for the Gap-supply.  The pulsar takes its input from the 
piccolo board, via a delay line chip. The piccolo in 
conjunction with the delay line chip can produce a signal to 
the pulsar which is user variable from 1.039kHz to 45MHz 
and the duty cycle variable (at the lower frequency) from 
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0.00145% to 98%; this range of variation narrows with 
increasing frequency to only permitting one fixed 60% duty 
cycle at the upper frequency of 45Mhz. The pulsar circuit 
firstly produces a second inverted version of the input signal 
from the piccolo.   
 
The pulsar circuit also allows for both the original signal 
and the inverted version to be independently enabled or 
disabled.  Finally the pulsar circuit allows for the pulse 
duration of either the original signal or the inverted version to 
be reduced in duration.  This is a critical function as these 
signals are feed as the initial drive signal for the eventual 
Gap-supply.  Due to the design of the GAP-supply power 
stage it is of paramount importance that the signals from the 
pulsar are energised exclusively.  If both are energised 
simultaneously (even partially) then damage can occur.   
 
The following description of the power stage is duplicated 
for the high and low-sided gates.  The output from the Pular 
circuit is fed to Isolators that in turn deliver an isolated 
version, which is passed further down the Power stage.  This 
isolation then serves to separate the low power sections like 
the pulsar from the high-power sections like the Gap-supply.  
The first part of the Gap-supply (taking its input from the 
isolators) is an H-bridge circuit.  This H-bridge drives the 
input gates of the GaNFETs (Galium Nitride FETs), which 
form the delivery section of the Gap-supply.  
 
The Sense and Measurement section feeds power to 
several sense and measurement blocks, namely, a current 
sense, a peak-detector, an integrator, an OCP (Over Current 
Protection), Voltage Sense and finally a Temperature Sensor.  
The current sense reads the current from a low value resistor 
that is in series with the Gap-supply and as such is able to 
determine the level of current being delivered to the IEG.  
This is read as a small voltage signal and amplified to a usable 
level.  It feeds its output to the Peak Detector and OCP. The 
Peak detector, taking its input from the Current sense 
amplifier, is arranged in such a way as to record the peak 
current value over time.  I.e. while the Current sense output is 
proportional to the instantaneous current being supplied to the 
IEG, the Peak detector output is proportional to the highest 
current that was fed to the IEG during a specific period of 
time.   
 
The Peak detector is also set up to be read and digitised by 
the Piccolo control board. OCP – Over Current Protection is 
an important, fast reaction, control circuit, which takes as 
input the value from the Current sense Amplifier.  It compares 
this input to a level, set by the user via the Piccolo control 
board.  If the output of the current sense amplifier exceeds the 
level set by the user then the OCP circuit sends a signal to the 
Pulsar Circuit control to suspend operation.  This in turn 
means that the Gap-supply comes to a stop.  This then means 
that if the current supplied to the IEG is in excess of a 
specified level, operation shuts down almost instantaneously. 
The speed of shutdown depends on the speed of operation of 
the current sense, OCP and Pulsar Circuit control, but 
crucially does not depend on the software and hence is very 
quick. In testing it was found that the worst-case response was 
just below 200ns.  
 
The Integrator takes its input from the same source as 
the Current sense, but in this case it is measuring the 
average current supplied to the Gap rather than the 
instantaneous current. The Voltage sense measures the 
instantaneous voltage across the Gap. This is connected up 
to the Piccolo board for reading and digitising. The 
Temperature Sensor monitors the temperature of the power-
supply. The temperature sensor is placed close to the Gap-
supply section as this is the most critical from a temperature 
point of view. The value is read back to the Piccolo 
controller board. 
 
4.2 Integration of power supply with ECM machine. 
 
As mentioned earlier the pulse shape and duration is 
very dependent on the IEG cable inductance. With this in 
mind the PSU was designed into a small form factor that 
allowed it to be mounted with only a 20mm cable to the 
machine head. In order to reduce inductance further a novel 
circular PCB was designed which allowed the machine head 
to pass through a hole in the centre of the PCB. See Figs. 5 
& 6. This circular PCB was ringed by 24 sprung probe pins. 
These form the electrical return path from the piece being 
machined. This arrangement works like a coaxial cable with 
the machine tool head being the centre pin (or wire) and the 
24 sprung probe pins being the outer sheath. This reduces 
the IEG loop length as it is mounted very close to the head 
and coaxial nature of the design is such that it acts like a 
transmission line, reducing electro-magnetic radiation.  
 
Fig. 5 IEG circular interface PCB 
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Fig. 6 view of tool head and circular interface with spring probes attached. 
 
The multiple parallel conduction paths reduce the 
inductance further. It allows for the tool rotating or vibrating 
as the sprung probes are mounted independent of the rotating 
portion of the tool head presenting less obstruction to the 
movement of the tool. A solid (rather than pins) sheath was 
considered but this could present a physical obstacle with 
work pieces that have intricate surfaces and would also cause 
an obstruction to the replenishment of electrolyte within the 
IEG. The tool head protrudes though the centre of this PCB 
and the head rotates during machining. This allows the 
electrolyte to be renewed but also forms a more uniform hole 
to be machined. Results by [12] also showed that rotating the 
tool is capable of greater removal rates and decreased chance 
of a short circuit event. 
 
 
Fig. 7 The third generation prototype PSU. Note the Piccollo daughter board 
attached via USB to Delta Tau control system. Also note the short wire 
parallel ribbon cable to machine head.  
5. Results 
5.1 System Inductance 
 
Testing on this setup found the total system inductance to 
be 50nH with a large portion (40%) being located in the tool 
itself. This tool inductance is dependent on the tool type 
which is dependent on the work required. Testing in this setup 
showed that the PSU was able to deliver pulses of 50ns to the 
IEG. 
 
5.2 Machining 
 
There was an interest in applying the technology for 
drilling micro-holes for diesel fuel injection nozzles. 
Therefore initial machining trials were carried out on 14mm 
diameter 1mm thick copper and 18CrNi8 discs. The 
electrolyte used was NaNO3 at a concentration of 10%, the 
electrolyte conductivity was 140mS/cm and the temperature 
was 20°C. A 340μm diameter tungsten carbide with 6% 
cobalt electrode was used. Fig. 8 shows a screen shot of the 
user interface highlighting a supply voltage of 12V, the 
machining current achieved was approximately 0.6-0.7 Amps, 
pulse width in this example was 625ns at a frequency of 
400,000Hz 
 
 
Fig. 8 screen shot from the user interface highlighting the key parameters 
 
The 18CrNi8 discs proved difficult to machine at the 
higher frequency, tests highlighted that these discs had an 
oxide layer that required pulse widths in the micro-second 
range for material removal to take place.  
It was possible to operate in the nano-second pulse width 
range when copper discs were used as oxidation was not an 
issue. Figure 9 highlights a blind-hole of approximately 
700μm in depth produced with a 500ns pulse width. 
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Fig. 9 output from Keyence digital microscope measurement of a copper 
sample 
 
The cycle time to drill to this depth was approximately 
10mins. Electrolyte flow over the surface of the discs and 
rotation of the electrode had an impact as it aided flushing of 
the gap and allowing fresh electrode to enter the IEG. 
Future work will focus on working at the higher 
frequencies and developing solutions to overcome the 
oxidation issues that will be an issue with certain materials. It 
is possible to apply an over-potential and this is an aspect that 
will be investigated to determine the optimum level that will 
allow the oxide layer to be broken down and for machining to 
take place.  
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